Abstract. We present an extended study of single impurity atoms and atomic swaps in half-metallic CrAs, CrSb and CrSe zinc-blende compounds. Although the perfect alloys present a rather large gap in the minority-spin band, all defects under study, with the exception of void impurities at Cr and sp sites and Cr impurities at sp sites (as long as no swap occurs), induce new states within the gap. The Fermi level can be pinned within these new minority states depending on the lattice constant used for the calculations and the electronegativity of the sp atoms. Although these impurity states are localized in space around the impurity atoms and very fast we regain the bulk behavior, their interaction can lead to wide bands within the gap and thus loss of the half-metallic character.
Introduction
The rapid emergence of the field of spintronics (also known as magnetoelectronics [1] ) brought to the center of scientific research the so-called half-metallic ferromagnets (like Heusler alloys [2, 3, 4] or some oxides [5] ). These compounds present metallic behavior for one spinband while they are semiconducting or insulators for the other spin-band, resulting to perfect spin-polarization, at least for the bulk, at the Fermi level. Except Heusler and oxides, also transition-metal chalcogenides like CrAs or CrSb and pnictides like CrSe are known to present halfmetallic ferromagnetism when they crystallize in the metastable zinc-blende structure. The first experimental evidence was provided in the case of CrAs thin-films by the group of Akinaga in 2000 [6] and many more experiments have confirmed these results [7] . Experiments agree with prediction of ab-initio calculations performed by several groups [8, 9, 10, 11] . In the case of the half-metallic ferromagnets like CrAs or CrSe, the gap in the minority-spin band arises from the hybridization between the p-states of the sp atom and the triple-degenerated t 2g states of the transition-metal and as a result the total spin-moment, M t , follows the Slater-Pauling (SP) behavior being equal in µ B to Z t − 8 where Z t the total number of valence electrons in the unit cell [8] . Recently theoretical works have appeared attacking also some crucial aspects of these alloys like the exchange bias in ferro-/antiferromagnetic interfaces [12] , the stability of the zinc-blende structure [13] , the dynamical correlations [14] , the interfaces with semiconductors [15] , the exchange interaction [16] and the temperature effects [17] . An extended overview on the properties of these alloys can be found in reference [18] .
In a recent publication [19] , it was shown using the coherent potential approximation [20] that for several com-α Cr Void1 Void2 As(Sb,Se) Figure 1 . Schematic representation of the zinc-blende structure. To model the system in our calculations we assume the existence of two non-equivalent vacant sites. The lattice consists of 4 fcc sublattices. The unit cell is that of an fcc lattice with four atoms per unit cell: Cr at (000), As(Sb or Se) at ( ) (Void1) and ( pounds (like CrAs, CrSb and CrSe) an excess of the transition metal atoms leads to half-metallic ferrimagnetism [21] ; Crimpurities occupying sites occupied by the sp atoms in the perfect bulk compound couple antiferromagnetically to the existing Cr atoms at the ideal sites and destroy ferromagnetism keeping the half-metallic character of the parent compounds. Later in reference [22] it was shown that this also true when instead of Cr-impurities we introduce other transition metal atoms like V and Mn.
CPA is an average method and does not provide details on the nature of the single impurities. In this contribution we study in detail the role of single impurities taking into account not only the case We have selected as test cases CrAs which is the most widely studied alloy, CrSb which is isovalent to CrAs and CrSe which has one electron more. We decided to use as lattice constant the experimental one of InAs of 0.606nm. As it was shown in reference [8] using the KorringaKohn-Rostoker method (KKR) for this lattice constant all three alloys are halfmetals with the Fermi level exactly at the middle of the gap and thus the effect of defect states is more visible. The half-metallicity is reflected on the total spin-moments which should be 3 µ B for CrAs and CrSb and 4 µ B for CrSe. As shown in table 1 the calculated total spin moments are close to these values and small deviations are due to the ℓ-cutoff used in the calculations [4] . We have also decided to study a fourth case: CrAs at the experimental lattice constant of GaAs (0.565 nm) which is a usual substrate for thin films of this alloy. The latter one is also half-metallic with the Fermi level near the right edge of the gap.
To perform our impurity calculations we have used a special implementation of the KKR method [23, 24] . First, a selfconsistent calculation is performed for the perfect compound and the Green function is calculated and stored.
Then we consider an impurity cluster embedded in the perfect crystal. We use the calculated Green function for the infinite host crystal and we calculate self-consistently the electronic structure of the impurity cluster in the real space using the Dyson equation. In our case we found that an impurity cluster of 65 atoms is enough to converge the spin magnetic moment of single impurity atoms at the center of the cluster and atomic swaps between nearest neighboring atoms, but not to calculate also the energetics of the defects. Our available computer sources did not allow us to converge also the energetics with the size of the cluster. Within the impurity cluster the impurity states survived up to the second neighbors and in all cases we regained the perfect crystal behavior after the third beighbors.
The structure of the perfect crystal is shown in figure 1 . The lattice is that of a fcc with four sites per unit cell. We take into account two vacant sites to represent adequately the zinc-blende structure. In other intermetallic compounds like the full-Heusler alloys these two sites are occupied [4] . We assign the names Void1 and Void2 to the two vacant sites in order to study the case of Cr and sp impurities at these sites. If we ignore the different chemical elements the lattice is in reality a bcc one. Each Cr atom is at the center of a cube with four sp atoms and four Void2 sites as first neighbors. The Void1 sites have the same local environment as the Cr sites rotated by 90 o degrees. Similarly each sp atom and Void2 site are at a center of a cube with four Cr atoms and four When we create an impurity we substitute the atom at the center of the cluster and recalculate the electronic and magnetic properties of the cluster. Similarly when we create an atomic swap we exchange the atom at the center of the cluster with one of each nearest neighbors. In section 2 we present the case of Cr impurities at nearest neighboring sp or Void2 sites and in section 3 the case of sp impurities at nearest neighboring Cr or Void1 sites. In section 4 we discuss the other possible single impuritites and in section 5 we discuss the case of atomic swaps between nearest neighboring atoms. Finally in section 6 we summarize and conclude. We should also mention here that in table 1 we present the atomresolved spin moments for all four perfect bulk compounds under study to use them as a reference when discussing the spin magnetic moment of the impurities atoms (see reference [8] for an extended discussion of their behavior). Moreover to distinguish the two cases of CrAs we use the notation "(GaAs)" for the case of the GaAs experimental lattice constant and "(InAs)" for the InAs experimental lattice constant.
Cr impurities at nearest neighbors sites
We will start our discussion from the case of Cr single impurities at nearest neighboring sites since in references [19] and [22] it was shown that Cr impurities at sites occupied by the sp atom in the perfect crystal lead to half-metallic ferrimagnetism. The Cr impurity atom has four Cr atoms and four Void1 sites as first neighbors. The distance is so short that the antiferromagnetic (AFM) coupling is favored between the spin magnetic moment of the impurity atom and its closest Cr neighbors. This is not surprising since it is well-known that both Cr and Mn atoms show AFM or ferromagnetic (FM) coupling of their spin moments depending on the distance between the neighboring transition metal atoms. In our study we have expanded it to cover also the case when Cr impurities appear at Void2 sites where the local environment is the same as for Cr impurities at sp atom sites.
In both cases of single Cr impurities, we found that depending on the starting potential we were able to converge to two different states: an antiferromagnetic one as in CPA calculations and a FM one. This can be seen in table 3 where Energy-E F (eV) Energy-E F (eV) we present the spin magnetic moments of the Cr impurity atoms and their first neighbors.
A close look at the energies shows that the AFM state is more favorable energetically with respect to the FM case (we were not able to converge the energy difference with the size of the cluster but the total energy difference was of the order of some eV). We will discuss also the FM case since in real situations this state can occur either due to the method used to grow the samples or due to an external field. We should also note here that although we have tried we were not able to get a FM solution for the case of CrAs at the GaAs lattice constant. GaAs lattice constant is considerably smaller with respect to the InAs lattice constant and thus the distance between the Cr impurity atom and its first neighbors become much smaller and the FM solution becomes completely unstable. Thus the possibility of the FM coupling to occur depends strongly on the lattice constant. For the compounds under study their lattice constant is imposed by the substrate used to grow the films and thus we can exclude the FM coupling to appear by choosing a suitable substrate.
First, we will shortly discuss the FM case. In figure 3 we have plotted the DOS of the Cr impurity atoms at Sb(Se) and Void2 sites and their first Cr neighbors with respect to the Cr DOS in the perfect bulk CrSb and CrSe alloys (CrAs shows similar behavior). The Cr impurity atoms have now four Cr atoms as first neighbors Table 3 . Atom-resolved spin magnetic moments for the case of Cr impurity atoms at As(Sb or Se) and Void2 sites, and the case of Cr-As(Sb or Se) and Cr-Void2 atomic swaps. "imp" stands for impurity and "nn" stands for nearest neighbor atoms (1st neighbors). We present results for both cases of coupling of the Cr impurity spin moment with respect to the spin moments of the other Cr atoms (ferromagnetic-FM and antiferromagnetic-AFM cases).
CrAs(GaAs)
CrAs ( figure 2 we present also the cases of AFM coupling for Cr impurity at Sb(Se) and Void2 sites in CrSb and CrSe alloys. In the case when the Cr impurity atom is located at the sp atom site there is a very intense pick in the minority spin band which is occupied. This pick contains the 5 occupied bonding d states of the Cr impurity atom. But the spin magnetic moment of the impurity atom is not -5 µ B but around -3 to -3.7 µ B . This is due to the majority t 2g bands which are very extended in energy and which are partially occupied due to their hybridization with the t 2g bands of the nearest neighboring d bands.
When the Cr impurity atom is located at the Void2 site the situation is more complex. While for CrSb the situation is similar to the case of the Cr impurity at the Sb atom, for the other three compounds there is now a double pick structure in the spin-down band and the Fermi level falls within the second pick. This is also reflected on the spin moments of the Cr impurity atom, the absolute values of which are decreased with respect to the case of the Cr-impurity at the sp atom site (in the case of CrAs in the GaAs lattice constant the decrease is larger since also the weight of the spin-up states increases slightly). The magnitude of the decrease depends on the exact position of the Fermi level within the pick. To elucidate this behavior we have plotted in figure 3 the projection of the d states on the triple-degenerated t 2g electrons and on the double-degenerated e g states for the case of CrAs in the InAs lattice constant. The t 2g states are more delocalized and couple to the p states of the sp atoms and thus are more extended in energy. On the other hand the e g states can not couple to the p states of Energy-E F (eV) the sp atoms and are more localized in energy. This is reflected on the DOS of the Cr atom in the perfect crystal presented in the upper panel of figure 3 where the t 2g are more extended in energy. When we create the impurity at the As site we see than in the minority spin band the t 2g and e g states almost overlap, while in the case of the Cr impurity at the Void2 site the e g states move higher in energy and they are now located at the Fermi level. There is no immediate explanation for this behavior since it should be attributed to the different structure of the impurity clusters and not to the immediate environment of the impurity atoms. Cr impurities have in both cases 4 Cr atoms and four Void sites as first neighbors (the Cr neighboring atoms have Energy-E F (eV) the same DOS and spin moments for both cases) but when the impurity is located at the As site, it has 12 As atoms as 3rd neighbors while when it is located at the Void2 site it has 6 As atoms as 2nd neighbors. This difference probably drives the shift of the minority e g states. In the case of CrSb the shift is smaller leading to a more narrow and more intense pick in the minority spina band in the case of the Cr impurity at the Void2 site with respect to the case of the Cr impurity at the Sb atom.
sp impurities at nearest neighbors sites
We will continue our study with the case of sp impurities at the neighboring Cr and Void1 sites. The s electrons of the sp atoms are located very low in energy, at around -10 eV, and play no role to half-metallicity but this is not the case for the p electrons. In figure 4 we have plotted the DOS for both case of As(Se) impurities at Void1 and Cr sites with respect to the bulk CrAs and CrSe alloys. For both perfect bulk alloys the minority p states of As(Se) are completely occupied leading to small negative spin moments as can be seen in table 1. When the As(Se) atoms migrate to Cr or Void1 site they have four other As(Se) atoms and four Void2 sites as nearest neighbors. Thus the p states of the As(Se) impurity atoms have to hybridize with the p states of the neighboring As(Se) atoms which are almost completely occupied instead of the Cr t 2 g states for which only the majority states are occupied. This leads to an extended reorganization of the p charge of the As(Se) impurity p states and the charge is now mainly localized in intense narrow picks located at around -3 eV and just below or above the gap. In the case of As impurities at Cr sites the unoccupied spin-down states are well above the Fermi level but the neighboring As sites show a small spin-down pick pinned exactly at the Fermi level. When the As impurity atom occurs at a Void1 site the difference in the impurity cluster leads to a narrow spin down pick just above the Fermi level. Thus the halfmetallicity is preserved although the gap shrinks. In the case of CrSe, Se atoms have one electron more than As. When we create the impurity atom, its charge is no more accommodated in transition-metal bands [8] leading to an extra minority pick. When the Se impurity is located at the Void1 site the Fermi level is just above the gap while when the Se impurity is located at the Cr site the Fermi level falls within this pick completely destroying half-metallicity. But our results are for the InAs lattice constant. If we contract the lattice constant we push the p states higher in energy and when we expand it we push them lower in energy [8] and thus it is very probable that the Fermi level falls within these picks completely destroying the half-metallic character of the parent compounds.
The As(Se) nearest neighbors are affected by the As(Se) impurity since now they have three Cr atoms and one sp atom as nearest neighbors and a small faction of their p charge moves to the same energy region with the picks of the impurity atom.
We should also discuss briefly the spin moments presented in table 4. The impurity atoms have positive spin moments contrary to the sp atoms at the perfect bulk compounds where they have negative spin moments. This is due to the difference in the hybridization, as we referred to above, which leads to occupancy of antibonding p spin-up states. The only exception is the Se impurity atom at the Vois1 site which has a negative spin moment. The sp atoms which are the nearest neighbors of the impurity have spin moments very close to the bulk case since the DOS are also similar. Thus no general rule or conclusion can be drawn for the case of sp atom impurities at Void1 and Cr sites since depending on the chemical type of the sp atom and the lattice constant the Fermi level can fall within a minority spn pick destroying the half-metallicity.
Other impurities
To conclude our study on single impurities we will also present our results when the Cr or sp impurities appear at nextnearest neighbors sites.
When these impurities are created the impurity atoms keep the same local environment as in the bulk compound (same nearest neighbors) Energy-E F (eV) since as we have mentioned in section 1 Cr and Voi1 sites have 4 sp and 4 Void2 sites as nearest neighbors (sp and Void2 sites have 4 Cr and 4 Void1 site as nearest neighbors). In figure 5 we present the DOS for the case of Cr impurity atoms at Void1 sites for all four compounds with respect to the Cr atoms in the perfect compounds. Although the local environment remains unchanged, the impurity cluster as can be seen in table 2 is different. This leads again to a shift of the e g minority spin states towards lower energies. While in the perfect compounds the e g and t 2g minority states overlap, in the case of impurities the e g states create a new pick just below the t 2g states.
For the compounds at the InAs lattice constant the presence of the pick leads Table 4 . Atom-resolved spin magnetic moments for several cases of impurities. "imp" stands for impurity, "nn" stands for nearest neighbor atoms (1st neighbors) and "nnn" for next-nearest neighbors (2nd neighbors). In the last part on the As(Sb,Se)-Void1 atomic swaps we present the minimum and maximum values of Cr nn spin moments (see text for explanation).
CrAs ( to a shrinking of the gap but the halfmetallicity is preserved. But when we contract the lattice, as for CrAs at the GaAs lattice constant, the Fermi level is located within the minority e g pick since the Fermi level is already at the right edge of the gap for the perfect bulk compound. The spin moments as can be seen in table 4 are very close to the bulk values and thus the no conclusion can be drawn from the spin magnetic moments. Cr impurities at Void1 sites do not affect the half metallicity only if the Fermi level is located at the lower-energy edge or the middle of the gap.
We will now proceed with the case of sp impurities at Void2 sites. We present for all four compounds the DOS of the sp impurity and its closest Cr neighbor in figure 6 . The situation is also complex as in the case of sp impurities at Cr or Void1 sites. The p states are again reorganized in narrow picks and the halfmetallic character depends on the exact position of these picks with respect to the Fermi level. In the case of CrAs at GaAs or InAs lattice constant, the Fermi level is located exactly just below or just above such a minority spin pick. An image of the states in this pick survives also for the Energy-E F (eV) Cr neighbors which now have 5 instead of 4 sp atoms as nearest neighbors and the hybridization effect for the t 2g states is more intense leading also to smaller Cr spin moments with respect to the bulk case as can be seen in table 4. In the case of CrSb and CrSe these states are located lower in energy due to the larger Coulomb repulsion between the p electrons (Sb is isovalent to As but has also the 5d states occupied while Se has one electron more than As) and the halfmetallicity is preserved.
Finally we should also discuss the case of Void impurities at Cr or sp sites. We do not present the DOS since it is almost identical to the bulk cases for the neighboring atoms. This is also reflected on the spin moments presented in table 4. When we create the Void impurity at the sp site, the Cr nearest neighbors have now 3 instead of 4 neighboring sp Energy-E F (eV) atoms and thus the hybridization effect is smaller leading to slightly larger Cr spin moments. The same occurs also when the Void impurity is located at a Cr site and the absolute value of the spin magnetic moment of the neighboring sp atoms increases slightly. The width of the gap remains unchanged by the Void impurities at Cr or sp sites and halfmetallicity is not altered.
Atomic swaps
In the last section we will present our results on the atomic swaps. As we mentioned in section 1 we performed calculations for the case of atomic swaps between nearest neighboring sites (i) Crsp atom, (ii) Cr-Void2, and (iii) sp atomVoid1. Atomic swaps present properties very similar to the properties of the single impurities. We will start our discussion from the case of swaps involving Cr atoms. For both Cr-sp atom and Cr-Void2 swaps we were able to converge two solutions for the InAs lattice constant: a FM and an energetically-favorable AFM coupling of the Cr impurity with respect to its neighboring atoms. For CrAs at the GaAs lattice constant the distance between the Cr atoms is very short to stabilize a FM solution and we were able to converge only the AFM solution. In table 3 we present the spin moments of the impurity atoms for all cases. In the case of swaps each Cr impurity atom has 3 Cr atoms and one sp atom as nearest neighbors while in the case of a Cr single impurity the Crimpurity atoms had 4 Cr atoms as first neighbors. Since the t 2g states of the Cr atoms hybridize strongly with the p states of the sp atoms, this leads to an increased hybridization in the case of the atomic swaps and thus to smaller absolute values of the spin magnetic moments of the Cr atoms in both the FM and AFM cases. In figure 7 we present the Cr DOS for the Cr impurity atoms at both As and Void2 sites for both FM and AFM cases in the case of CrAs at the InAs lattice constant, and we compare the perfect bulk case, the single impurity case discussed in section 2 and the swaps case. Overall the DOS of the Cr impurity atom only scarcely changes between the single impurity and swaps cases. In the case of the Cr impurity at the Void2 site the e g states in the AFM solution are pinned at the Fermi level destroying the half-metallicity as in the case of single impurity. When the Cr impurity atom is located at the As site there is an extra minority pick at the Fermi level in the case of atomic swaps.
To understand its origin we should keep in mind that also an As atom moves at a Cr site in the case of swaps and as we can see in the lower left panel of figure 4 already in the case of a single As impurity at a Cr site the neighboring atoms present a small DOS at the Fermi level which destroyes the half-metallicity. In the case of Cr-As swap, the As impurity atom has one Cr atom and three As atoms as nearest neighbors and this pick is present destroying the half-metallicity. Thus the energetically favorable AFM case of Cr-As and Cr-Void2 swaps induces states within the gap. Finally we should also shortly discuss the third case of atomic swaps: spVoid1. In table 4 we present the spin magnetic moments at the Void1 and sp impurity sites. The nearest Cr atoms are no more equivalent and thus their total spin moment varies between the values given in the table. We do not present the DOS since results are similar to the case of single sp impurities at Void1 sites presented in section 3. There is a very narrow intense pick near the Fermi level as in the upper panel of figure  4 which can lead to the loss of halfmetallicity depending on its exact position with respect to the Fermi level which is influenced from the electronegativity of the sp atom and the lattice constant.
Conclusion
We have studied using the KorringaKohn-Rostoker method the appearance of single impurities and atomic swaps in the half-metallic CrAs, CrSe and CrSb alloy crystallizing in the zinc-blende structure. Although it was found that Cr antisites at sp sites lead to halfmetallic ferrimagnetism, we found that the situation is much more complex. Cr single impurities at sp or Void2 (see figure 1 for the structure) sites can couple either antiferromagnetically (which is the energetically favored) or ferromagnetically (in case of large lattice constants) to their nearest Cr neighbors. Although in most cases the gap survives there are cases like the case of Cr impurities at Void2 sites in CrSe where the e g minority-spin states are pinned exactly at the Fermi level. Cr impurities at Void1 sites lead to a shift of the unoccupied minority e g states lower in energy and when the Fermi level is near the right edge of the gap in the perfect compound the half-metallicity is lost. sp impurities at Cr, Void1 or Void2 sites lead to a redistribution of the p charge and they are likely to induce new impurity states at the Fermi level. The appearance of void impurities at Cr and sp atoms is the only case where the gap is not affected at all. Finally we studied also the case of atomic swaps between nearest neighbors. We found that in the case of Cr-sp and Cr-Void2 swaps, the presence of the sp impurity atom leads to new minority states pinned at the Fermi level even in the cases where the half-metallicity was preserved for single Cr impurities. Void1-sp swaps show behavior similar to the single sp impurities at Void1 sites.
Although impurity states are localized in space around the impurity atoms and very fast we regain the bulk behavior, their interaction can lead to wide impurity bands within the gap and thus the loss of the half-metallic character. Only void impurities at Cr and sp sites and Cr impurities at sp sites (as long as no swap occurs) keep the half-metallic character of the perfect alloys. Our results suggest that for CrAs alloys in the zinc-blende structure to be implemented in spintronic devices, the prevention of the defects creation is imperative.
